BACKGROUND: Glycemic index is hypothesized to determine fuel partitioning through serum plasma insulin modifications induced by dietary carbohydrates, thereby modulating fat accretion or oxidation. OBJECTIVE: To assess the glycemic effects on postprandial fuel oxidation and blood response. DESIGN: In all, 12 obese women were fed on a randomized crossover design with two test meals (breakfast þ lunch). High-or low-glycemic meals were provided on separate days. Energy intake on high-glycemic meal was 77587148 kJ and for lowglycemic meal was 78067179 kJ. Carbohydrates supplied were 27375 and 27576 g, respectively. Macronutrient distribution was 55% carbohydrates, 30% fat and 15% protein. Fuel oxidation was measured continuously in a respiratory chamber for 10 h. Serum glucose, free fatty acids (FFA), insulin and glucagon samples were taken for 5 h after breakfast. RESULTS: Glucose AUC changed significantly in response to different glycemic breakfast. Low-vs high-glycemic breakfast was 211784 and 3797164 mmol/l (Po0.05). Similarly, insulin changed from 94737 and 170787 nmol/l (Po0.05), respectively. The rate of increment for serum glucose and insulin reached by the high-vs low-glycemic meal was 1.8 times more with the high-glycemic breakfast. Serum FFA were similarly suppressed by both meal types by 3 h after meal intake, but then raised significantly more with the low-glycemic meal by the fourth and fifth hour (Po0.05). Plasma glucagon did not show a significant variation with glycemic index. Carbohydrate and fat oxidation was not modified by glycemic meal characteristics, being virtually the same for low-vs high-glycemic comparisons in the 5 h following breakfast and lunch (P ¼ NS). CONCLUSION: This study demonstrates that dietary glycemic characteristics were unable to modify fuel partitioning in sedentary obese women.
Introduction
There is a widespread trend towards increased body adiposity in many countries including developing countries in the last decades.
1 Diet quality and physical activity pattern are the main determinants of this condition. Within dietary factors involved, carbohydrates are frequently mentioned, given its important contribution to the total energy intake (45-60%), its consumption in association with fat and the lipogenic effect of insulin induced in a variable degree by the dietary carbohydrates.
Carbohydrates have different physiological effects according to their molecular structure (mono-, di-and polysaccharides), the type of monosaccharides (ie, glucose, fructose, galactose) contained in the molecule and the ratio of amylose/amylopectin in starch. Once carbohydrates are ingested, these molecular characteristics are able to induce a different serum glucose, insulin and other blood variables. This is the basis for the glycemic index concept as proposed by Jenkins et al in 1981. 2 It is defined as the incremental area under the glucose response curve in response to a standard amount of carbohydrate from a test food relative to that of a control food (glucose or white bread). 3 The same can be done to calculate the insulinemic index. The differential metabolic properties of carbohydrates can induce a different postprandial profile in serum glucose, insulin, FFA and other plasma hormone concentrations, which in turn may be able to modify fuel partitioning. According to this, two isoenergetic meals differing in the type of carbohydrate (high-and low-glycemic meals) could affect fuel partitioning differently. [4] [5] [6] [7] Hence, fat storage could be either enhanced or limited depending on carbohydrate characteristics. It is hypothesized that a high-glycemic meal in comparison to a low-glycemic meal, will increase serum insulin and glucose concentration in a higher magnitude, thereby promoting increased carbohydrate oxidation and reduced fat oxidation. Studies comparing the effect of mixed meals with different carbohydrate types on fuel oxidation under sedentary conditions are in our knowledge restricted to three studies. [8] [9] [10] None of them have found differences in fuel oxidation with either type of glycemic meal, suggesting that the glycemic index-fuel oxidation relationship is not supported. These data, however, only should be taken as suggestive evidence, because serum glucose and insulin responses to mixed meals was not evaluated. The aim of the present study was to assess the acute effect of mixed meals with different glycemic index on serum/ plasma hormones and substrates and its relationship with fuel partitioning in 12 obese but otherwise 'healthy' women.
Methods

Subjects
In all, 12 healthy women, age 33.278.0 y, body weight 82.3710.7 kg, fat-free mass 49.676.2 kg, body mass index 33.772.4 kg/m 2 , resident in a low socio-economic area on the east side of Santiago, Chile, were recruited by personal approach. Inclusion criteria were: (i) absence of clinical signs or symptoms of chronic disease; (ii) nondieting in the preceding 3 months; (iii) not using any medication likely to affect metabolic rate or body composition; (iv) normal oral glucose tolerance test (OGTT) to rule out diabetes and glucose intolerance 11 and (v) normal fasting lipid profile.
12
All subjects gave written informed consent to participate in the study. The Institute of Nutrition and Food Technology (INTA) Ethics Board approved the experimental protocol. All measurements were made at INTA's Energy Metabolism and Stable Isotopes Laboratory.
Experimental protocol
Subjects were requested to avoid any strenuous exercise and maintain their customary dietary intake for 48 h prior to the testing day. Every subject had two different test diets provided to examine their metabolic responses while staying for 22.5 h in a respiration chamber on two separate ocassions. Subjects came to INTA at 1930 h and upon arrival ate a standardized dinner containing 34 kJ/kg body mass, with 55% energy as carbohydrates, 25% as fat and 20% as protein. The next day, they were awakened at 0700 h to measure basal metabolic rate over 1 h. Thereafter, a blood sampling cannula was inserted into the antecubital vein. Blood samples were taken at À15, À10 and À5 min (analyzed as a pool) before breakfast, then every 15 min for the first hour and every 30 min thereafter to complete a 5-h period. Lunch was provided at 1355 h. Gas exchange measurements ended at 1900 h. While subjects were inside the respiration chamber an activity protocol consisting of fixed times for breakfast, lunch, sedentary activities (ie, watching TV, reading, writing or listening music) and urine collection was followed. During the day, no sleeping or exercise was allowed.
Test meals
Energy and macronutrient composition of the test meals used for breakfast and lunch were calculated using the Chilean Food Composition Database, where carbohydrate content is subtracted from protein and fat and corrected by the amount of crude fiber. 13 These meals differed in the type of carbohydrate: high-or low-glycemic meals. Dietary energy and macronutrient contents were individually adjusted to the predicted daily total energy expenditure (TEE pred ), obtained from the estimated basal metabolic rate 14 times
1.3 to account for physical activity inside the chamber. Breakfast and lunch represented an energy supply equivalent to 38 and 53% of TEE pred which were made to represent a high carbohydrate load by providing an excess of intake (usually these proportions are 25 and 35% TEE). The energy distribution of these meals was composed by 55% CHO, 30% fat and 15% protein. Food weight was matched for each meal by adding water, achieving a similar energy density. Macronutrient composition of breakfast and lunch is shown in Table 1 whereas food composition is shown in Table 2 . Subject's assignment to each test meal was randomized. Test days were separated by 2-5 days. All tests were performed within 10 days of the anticipated onset of menses.
Body composition
Body weight was measured to the nearest 0.1 kg using a mechanical scale (Detecto s , Webb City, MO, USA) with the Urinary nitrogen excretion During the stay in the respiration chamber, urine was collected and N 2 was analyzed in a single batch from 0600 h to 1900 h of the test day. Urinary nitrogen content was measured by the Kjeldahl method on a N 2 analyzer (Büchi-435, Stockholm, Sweden).
Substrate oxidation
Calculations of meal-associated substrate oxidation, energy expenditure and respiratory quotient were measured from 0840 h to 1900 h on the testing day. Carbohydrate, fat and protein oxidation were calculated by using VO 2 , VCO 2 and urinary nitrogen losses with Livesey & Elia equations 16 for the 5-h postbreakfast (280 measurements) and 4.5-h (245 measurements) postlunch periods.
Blood samples analysis
Blood sample collections were performed through an airtight port sealed with a plastic sleeve around the subject's upper arm, positioned under a window for eye contact with the subject. Blood samples for glucose, insulin and FFA were taken in glass tubes and allowed to coagulate on ice for 10 min, then serum was separated at room temperature and stored immediately at À201C until analysis. Glucagon samples were taken in Vacutainer-EDTA with Trasylol s added (50 ml/ml of blood), then plasma was obtained and stored as described 
Results
All subjects completed the experimental protocol, meal's were fully eaten in all cases within a 30-min period, no complains or digestive disturbances were observed for both meals.
Serum glucose
Following breakfast, the shape of serum glucose curve was similar in both test meals, with a peak at about 45 min and a return to near basal values at about 3 h. As expected, 5-h glucose AUC for the high-glycemic meal was greater compared to the low-glycemic meal (3797164 vs 211784 mmol/l, Po0.05). Serum glucose response at specific times to either test meal are shown in Figure 1a .
Serum free fatty acids Serum FFA suppression between breakfast from fasting to 3 h was similar (P ¼ NS). After that, a lower serum FFA concentration with the high-compared to the low-glycemic breakfast at 4 and 5 h was observed (Figure 1b) . At the end of the period, serum FFA concentration achieved similar to fasting values only with the low-glycemic breakfast (P ¼ NS).
Serum insulin
The shape of serum insulin curve induced by breakfast was similar for both test meals, with a peak at 45-60 min and a return to near fasting values at about 5 h (Figure 1c ). The 5-h insulin AUC for the high-glycemic meal was greater Glycemic index and substrate oxidation EO Díaz et al compared to the low-glycemic meal (170787 vs 947 37 nmol/l, Po0.05).
Plasma glucagon
Plasma glucagon concentration was remarkably constant throughout the 5-h period. No glycemic meal-dependent effects, except at 90 min, where a higher plasma glucagon concentration with the low-glycemic breakfast was found (Figure 1d) .
Energy expenditure and substrate oxidation Measured total energy expenditure at breakfast and lunch between glycemic meals was not different (P ¼ NS) ( Table 3) . As regard to carbohydrate (CHO) oxidation, no differences were found between the two glycemic meals neither at fasting, after breakfast nor lunch (P ¼ NS, Table 3 ). To discriminate the effect of serum insulin response on CHO oxidation, the difference between high-minus low-glycemic meals for the 5-h postbreakfast period was calculated for insulin AUC and CHO oxidation. No significant association between these values was found (r ¼ 0.56, P ¼ NS, Figure 2a) .
Fat oxidation did not show significant differences on the two test days, whether at fasting or postmeal intake conditions (P ¼ NS, Table 3 ). As for CHO oxidation, the difference for fat oxidation and 5-h insulin AUC was calculated. Again, no significant association was noted (r ¼ À0.44, P ¼ NS, Figure 2b) .
Despite the wide change in glycemic meal-induced serum insulin response, substrate oxidation were relatively similar in the majority of cases (Figure 2a, b) .
Discussion
This study tested isoenergetic meals with identical macronutrient composition, varying exclusively in the type of carbohydrates and therefore, its glycemic and insulinemic response. Small changes in plasma glucagon and serum FFA were induced. No effect on fuel partitioning was detected.
The rationale for the relationship between fuel oxidation and serum glucose concentration has been proposed a long time ago. 19 Later on, it has been elegantly confirmed by euglycemic clamp procedure where insulin-infusion steps have shown to suppress fat oxidation in an approximately negative, exponential shape. [20] [21] [22] This is the basis for the relationship between glycemic index and fuel oxidation hypothesis, 4, 5 according to which an increased serum insulin concentration will be expected to reduce fat oxidation. Therefore, a critical aspect to be considered in a study testing the glycemic meal response, will be to quantify the magnitude of the difference in serum insulin response induced by the types of dietary carbohydrates supplied. In the literature, on average the ratio in serum insulin AUC for high-/low-glycemic meal ranged from 0.8-to 1.9-folds. Some of these studies have measured fuel oxidation, 9,23-25 whereas Glycemic index and substrate oxidation EO Díaz et al others have not assessed this variable. [26] [27] [28] [29] [30] The present study had on average a serum insulin AUC 1.8 times higher for the high-vs low-glycemic meal. As a consequence, serum insulin response achieved in this study can be considered sufficiently different to test its effect on fuel oxidation. In spite of this, our results did not show differences in substrate oxidation.
The available literature evaluating the glycemic effect on fuel oxidation has been done using isolated carbohydrates [23] [24] [25] or mixed meals. [8] [9] [10] The former have used glucose, fructose, sucrose or complex carbohydrates and have found a decreased fat oxidation after low vs high-GI carbohydrates. [23] [24] [25] 31 This could explain the lower fat oxidation observed after a dose of fructose vs glucose. 23, 25 In our study, fructose was incorporated at the low-GI breakfast therefore, some effects on fuel partitioning cannot be discarded. However, if any effect existed, it was most likely minor, since fructose represented less than 12% of breakfast energy content. Moreover, at lunch on which no fructose was added, a comparable fuel partitioning was observed. Thus, the mixed-meal studies reviewed above are in agreement with our results. The lack of effect of serum insulin response on fat oxidation in all of them may be explained by the short-time period on which serum insulin concentration is maintained at a different level when highvs low-glycemic meals are compared. This is opposed to insulin-infusion steps [20] [21] [22] on which serum insulin levels are maintained at nonphysiologic levels for a long-time period (4100 min) at stepwise increasing levels, this being probably the reason why a reduction in fat oxidation is found with this kind of procedure, but not under customary dietary conditions. Therefore, fat oxidation will most likely not be significantly modified by glycemic index manipulations.
Another interesting aspect to be analyzed in relation to glycemic effects are the changes in serum FFA concentration. They were similarly reduced by both types of meals until 3 h after intake. Later on, a return towards fasting values was found only for the low-glycemic meal. A plausible explanation for this finding is that the higher serum insulin concentration since around 90 min after the high-glycemic meal will stimulate in a higher magnitude the lipoprotein lipase expression and transport at about 3 h after induced this difference in serum insulin concentration, 32, 33 thereby enhancing serum FFA clearance. This is in opposition to studies using high glycemic carbohydrates (ie, glucose), where after serum FFA concentration suppression, a rise over fasting values is observed. 23, 24 The fall in serum glucose concentration below fasting value can stimulate an increased counter-regulatory response, where catecholamines will induce increased adipose tissue FFA release. In our mixedmeal study this situation was not observed for serum glucose, therefore, it is likely that a nondifferent serum catecholamines response was involved, which may be somewhat suggested by the constant plasma glucagon concentration along the measurement period.
In conclusion, this study found that glycemic index did not modify fuel partitioning despite the differences in serum insulin and glucose response. This may imply that customary meal-induced glucose and insulin changes are not capable to modify fuel oxidation. Future research is needed to corroborate these findings in normal weight population groups.
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